The Geographic Mosaic Theory of Coevolution predicts that divergent coevolutionary selection produces genetic differentiation across populations. The 29 studies reviewed here support this hypothesis as they all report spatially diverged selection trajectories which have generated variable outcomes in the interaction traits among populations. This holds for both mutualistic interactions such as those between host plants and their root symbionts, or plants and their pollinators, as well as for antagonistic interactions such as plants and their pathogens or herbivores. Most often, it is the strength of selection that varies across landscapes. Variation may be generated by both the physical environment (namely temperature), and the local community-competitors, parasites, and alternative hosts-that intensify or dilute selection locally for a wide range of species interactions. At its extreme, selection trajectories may be reversed with an antagonistic interaction being commensalistic in some populations and mutualistic in yet others, depending on the local community context. Selection trajectories were found to diverge among continents, but also more locally among neighbouring populations and even within a single population. This result highlights the importance of coevolutionary selection generating biological diversity with far-reaching implications for both biodiversity conservation as well as applied biology.
Introduction
'Thus I can understand how a flower and a bee might slowly become, either simultaneously or one after the other, modified and adapted in the most perfect manner to each other, by continued preservation of individuals presenting mutual and slightly favourable deviations of structure. ' Darwin C, 1859 , On the origin of species, p. 94
The year of publication of Darwin's On the origin of species (1859) is rightly considered the year in which the modern science of evolution was born. Charles Darwin's great achievement was to question the idea of species as fixed types by emphasizing the importance of heritable variation in populations of interest. He was the first to propose how evolutionary mechanisms, natural selection in particular, could not only account for the refined adaptations seen in nature, but could also account for the origin of species, the very types that earlier generations had viewed fixed and unchanging (Mayr, 1976) . Darwin made the distinction between the physical, abiotic environment and the biotic environment as forces of natural selection. Darwin was also the first to propose the idea of coevolution-the idea of reciprocal evolutionary change driven by natural selection between interacting species (Darwin [1859 (Darwin [ ] 1964 .
In the Origin of species, Darwin used the word coadaptation to refer to reciprocal evolutionary change. Repeatedly in the Origin of species he emphasized the importance of interactions between species and closes the book with the concept of the entangled bank where he marvels at the exquisite adaptations of species to one another (Darwin [1859 (Darwin [ ] 1964 . Darwin used as a case-in-point the evolution of long-spurred flowers and long-tongued pollinators (Darwin [1862 (Darwin [ ] 1988 . His logical assumption was that selection should favour spurs that are longer than the pollinator's tongue. This results in more effective pollination because heads/bodies of insects make better contact with the reproductive parts of the flower when they are forced to insert their entire proboscis to obtain the nectar hidden in the depths of flowers, which is otherwise hard to reach. These positive feedback dynamics may lead to a coevolutionary arms race of which a famous example is the putative matching in the 30 cm spur of the Malagasy orchid and the tongue of the hawkmoth Xanthopan morgani ssp. Praedicta (Darwin [1862 (Darwin [ ] 1988 .
Coevolution has been a controversial concept within evolutionary biology. While at times its role as a major factor shaping the evolution of life has been questioned, today coevolution is viewed as a powerful process generating evolutionary change (Ehrlich and Raven, 1964; Edgar et al., 1974; Hafner and Nadler, 1988; Aguilar et al., 2004; Forde et al., 2004) . Many major events in the history of life may be attributed to reciprocal coevolutionary change, including the origin of the eukaryotic cell, the origin of plants, the evolution of coral reefs, and the formation of lichens, mycorrhizae, and rhizobia (Margulis and Bermudes, 1985; Margulis and Fester, 1991; Horiike et al., 2001; Hu et al., 2008) . Thompson (1994) outlined three reasons that may have caused some of the controversy regarding coevolutionary research, and hence, may have slowed down the field. First, studies should show that both species are evolving as a result of reciprocal selection. Hence, convincing examples of coevolution have been slow to accumulate given the difficulties of studying two (or more) species simultaneously, possibly over multiple generations. Second, until recently there have been few testable hypotheses on coevolutionary change. Third, much of coevolutionary change takes place below the species level but above the level of local populations, making it difficult to link coevolution of a population with the coevolution of the species.
The development of several key theories has been crucial in advancing the field of coevolutionary research. Wright's shifting balance theory was among the first to recognize the importance of spatial structure for local evolutionary dynamics, and the importance of spatial population structure on the ecology and evolution of species was conceptualized by the metapopulation theory (Box 1). According to the metapopulation theory, regional persistence of species can only be understood by accounting for the extinction and (re)colonization dynamics of local (sub)populations that are connected by varying degrees of migration Hanski and Gaggiotti, 2004 ; Box 1). It was finally Thompson' s Geographic Mosaic Theory of Coevolution that tied together the processes operating over space and time to determine the outcome of coevolutionary interactions (Thompson, 1994 (Thompson, , 1999 (Thompson, , 2005 ). Thompson's theory is conceptually closely related to both Wright's shifting balance theory and the metapopulation theory (Box 1), as the notion of coevolution as a geographical mosaic also builds upon the recognition that most species have a spatial population structure made up of local demes (populations) connected by varying degrees of migration. The theory assumes (i) variation in the intensity and direction of selection processes among populations (selection mosaic). A geographic selection mosaic is formed as natural selection on interspecific interactions varies among populations, partly because there are geographic differences in how fitness in one species depends upon the distribution of genotypes in another species. In other words, there is often a genotype-by-genotype-by-environment (G3G3E) interaction in the fitness of the interacting species. Environments may differ in their physical properties such as temperature or salinity, or in how these two species interact with yet other species, i.e. the local community structure; (ii) coevolutionary hotspots, which are the subsets of communities where coevolutionary selection is actually taking place, are intermixed with sites with little or no coevolutionary selection operating, the so called 'coldspots' (Fig. 1) ; and (iii) continual geographic mixing of traits, resulting from the selection mosaic, coevolutionary hotspots, coldspots, gene flow, random genetic drift, and population turnover (Fig.  1) . As a result, reciprocal selection may be episodic and local rather than persistent and spatially extensive, keeping some populations maladapted. Furthermore, few coevolved traits are favoured across all populations (Thompson et al., Fig. 1 . A hypothetical example of a geographic mosaic of coevolution between two interacting species. Interactions within local communities are shown as arrows within circles and they indicate selection on one or both species. Different arrow types represent differences in how selection acts on the interaction in different communities with dashed arrows showing weaker selection and solid arrows showing strong selection. The strength of selection among the communities may arise from differentiation in the biotic or abiotic habitat quality. The coevolutionary hotspots, where selection is acting on both species and is strong, are embedded in a mosaic where, in some communities, selection is weaker and acting on only one of the species, as well as communities with no selection (coldspots). Gene flow among communities further moulds the outcome of the interaction which is indicated by arrows between the communities, with thicker arrows indicating more gene flow. 2002; Thompson, 2005) . These fundamental insights have taken coevolutionary research into the new millennium, and it is a rapidly growing research field generating novel insights into how the diversity of life evolves.
Spatially divergent coevolutionary selection is one of the key predictions of the Geographic Mosaic Theory of Coevolution, yet to date there has not been a review summarizing studies that have measured coevolutionary selection across several populations to see whether there is indeed divergence in the traits of interacting species across populations. The aim of this review is to fill this gap. The focus is on plants and the wide range of interactions they participate in, ranging from mutualistic associations with their pollinators to antagonistic interactions with pathogens. The geographic mosaic theory of coevolution may be particularly important for plants given their sessile growth form that renders them sensitive to even small-scale environmental variation. In particular, this review aims to uncover whether studies measuring coevolutionary selection (i.e. reciprocal selection with both counterparts evolving as a result of the interaction) have succeeded, and whether there is variation in traits that are considered to be under coevolutionary selection across space.
Literature search
Studies were compiled for the review by searching the literature in the ISI Web of Knowledge Web of Science database. Search terms 'plant' and 'coevolution' yielded 779 studies and these studies were further filtered to indentify studies measuring coevolutionary selection across several populations in plant associations by using search terms 'geographic mosaic of coevolution' or 'spatial scale' or 'selection mosaic'. A few additional studies were gathered by scouring cross-citations from reviews and plant coevolutionary studies, as well as from colleagues. Studies were discarded if they were purely theoretical or review articles, or if the study did not include two or more spatially Box 1. From Wright's shifting balance theory to spatially realistic metapopulations Wright's shifting balance theory was the first attempt to integrate ecological and population genetic processes with the aim of demonstrating that evolution could proceed rapidly in spatially structured populations. Wright viewed the evolutionary landscape as a series of adaptive peaks and valleys that correspond to the interaction of alleles at multiple gene loci. In this theory species are subdivided into demes that are weakly connected by migration. Due to the small size of the local demes drift may take the local demes to the domain of attraction of new adaptive peaks. Individual selection could then move the population toward the new peak itself. Different demes could evolve toward different peaks, depending upon their current combination of genes (Wright, 1932 (Wright, , 1982 . Selection among local populations in different peaks could finally drive the evolutionary dynamics at larger spatial scales. The conditions under which the shifting balance theory may work continue to be analysed and discussed in the literature (Barton and Whitlock, 1997 ).
Wright's classic model assumes all local populations to be identical (the same size) and equally connected (constant migration rate), which are also the assumptions of the ecological Levins' metapopulation model. Classic metapopulation dynamics (Levins, 1969 focus on the processes of local extinction and recolonization in the same manner as conventional population dynamics are concerned with births and deaths. The simplifying assumptions of the Levins' model include that (i) local populations (and therefore habitat patches) have equal sizes and isolations, (ii) local populations in the metapopulation have entirely independent (uncorrelated) dynamics, and (iii) the exchange rate of individuals among local populations is so low that migration has no great effect on local dynamics in the existing populations-local dynamics occur on a fast time scale in comparison with metapopulation dynamics. No real metapopulation agrees well with these requirements (Hanski and Simberloff, 1997) . The spatially realistic metapopulation theory adds to the classic metapopulation theory the effects of spatially varying habitat patch areas and isolations on extinctions and colonizations (Hanski, 2001; Hanski and Ovaskainen, 2003) .discrete populations, or if the study was focused on agricultural populations preventing reciprocal evolutionary change as the other counterpart was presumably evolving under human imposed selection. The searches resulted in 29 studies measuring plant coevolutionary associations across two or more populations. The following measurements were extracted from these studies. (i) The type of interaction (e.g. plant-pollinator, plant-pathogen); (ii) the study species; (iii) number of populations included in the study; (iv) the spatial scale of the study; the shortest and longest distances separating the study populations; (v) whether the study detected divergent coevolutionary selection across populations and whether it was the strength or the direction of selection that varied; and (vi) the suggested/demonstrated causal agent of divergent selection. These data are summarized in Table 1 . Table 2 summarizes the following information. (i) What traits were measured as representative of coevolutionary selection, (ii) whether the study was carried out using a local adaptation approach, and (iii) whether the study produced evidence of local adaptation.
The studies obtained covered a wide range of species interactions. The role of coevolution in shaping mutualistic interactions has been questioned because these interactions tend to be far less specialized than parasitisms that have received most focus in studies of coevolution (Schemske, 1983; Thompson, 1994) . However, the type of interactions reviewed here range from mutualisic (plant-pollinator, mycorrhizal root symbiont, and protection mutualism) to antagonistic (plant-pathogen, plant-herbivore), and notably, they all report variation in the traits shaped by coevolution among populations ( Table 1) . The search terms 'geographic mosaic of coevolution' and 'selection mosaic' naturally create a bias in favour of studies documenting spatially variable coevolutionary trajectories. However, it turns out that also when coevolution is studied by explicitly accounting for 'spatial scale', the result is spatially variable coevolution trajectories. Despite this likely bias, the result is a powerful demonstration that indeed, as predicted by the Geographic Mosaic Theory of Coevolution, interacting species may evolve as a result of reciprocal evolutionary change, and moreover, the traits shaped by coevolutionary selection vary across populations.
How is coevolution measured?
Measuring coevolution is difficult. While it may be relatively straightforward to identify traits that putatively are under reciprocal evolutionary selection, it is often impossible (save, for example, some model systems such as interactions between bacteria and bacteriophage: Chao et al., 1977; Lenski and Levin, 1985; Buckling and Rainey, 2002; Forde et al., 2004) to measure evolutionary change for both counterparts of the interactions over an evolutionarily relevant time scale (Gomulkiewicz et al., 2007) . In practice, we are often limited to snapshot data over trait distributions among populations. This may yield reliably documented significant variation in trait distributions among populations; however, the difficulty lies in demonstrating that the differentiation arises from spatially variable coevolutionary selection. Differentiation may well arise from adaptive responses (which are not reciprocal) to spatially structured variation in habitat quality (Clausen et al., 1940; Antonovics and Bradshaw, 1970; Galen et al., 1991; Sambatti and Rice, 2006; Ellis et al., 2007) , as well as from neutral genetic divergence between geographically structured population (Westerbergh and Saura, 1992; MateuAnders and Segarra-Moragues, 2000; Tero et al., 2003) . Differentiation among population will depend on the relative strengths of gene flow and local selection (Morgan et al., 2005; Alleaume-Benharira et al., 2006) . Whether or not these processes may be estimated using the distance separating the populations is determined by the properties of the system.
Local adaptation
In spatially structured systems, a powerful tool for studying coevolution are studies of local adaptation where reciprocal evolutionary selection is indicated by a higher mean fitness of species 1 with local versus foreign species 2 or by a higher mean fitness of local species 2 with local rather than foreign species 1 (Kawecki and Ebert, 2004) . For example, when higher parasite infectivity is found on its local host population than a foreign host population, it may be inferred that the host populations have diverged in their resistance and that the local parasite populations have overcome the resistance of the local host populations through the coevolutionary arms race (Gandon et al., 1998 ; for reviews on local adaptation in host-parasite associations please see Kaltz and Shykoff, 1998; Greischar and Koskella, 2007; Hoeksema and Forde, 2008) . Transplant experiments using a common garden or a reciprocal design are commonly used tools for studying local adaptation. Approximately half of the studies reviewed here tested for local adaptation, and of those 15 studies nine find evidence of local adaptation, i.e. higher fitness in sympatry versus allopatry (Table 2) . Finding variation among populations in their patterns of local adaptation (Laine, 2005 (Laine, , 2008 Craig et al., 2007; Roslin et al., 2007) may indicate locally diverged selection trajectories due to interactions with the local habitat. For example, pathogen adaptation to its host plant in the fungus Podosphaera plantaginis is tightly coupled with its adaptation to the local temperature regime (Laine, 2008) . However, differences among populations may also simply reflect the cyclical nature of coevolutionary dynamics (Lively, 1999) . Even in a situation where the host and the parasite are reciprocally coevolving, lack of evidence for local adaptation or maladaptation is not surprising given the dynamic nature of coevolution. By definition, in antagonistic coevolutionary interactions one species evolves in specific ways to mitigate the adaptation of the other species. Therefore, if multiple populations are studied at one point in time, different parasite populations may be in different phases of local adaptation. These cyclical dynamics can not be captured with snapshot data that are often used in studies of local adaptation. Detecting maladaptation (i.e. lower fitness in sympatry compared to allopatry, or no difference in fitness with sympatric and allopatric counterparts) may of course also mean that the interacting species are not reciprocally coevolving. However, for coevolving species interactions, maladaptation may also be expected when gene flow from other populations adapted to different conditions keeps the local population in a maladapted state .
Measuring fitness related traits and effects of the interaction on fitness
Aside from local adaptation studies, 14 of the reviewed studies have measured traits that are relevant to the interaction and are closely linked with fitness (Table 2) . One way of inferring coevolution is to measure how interaction traits are matched across populations. In the interaction between the Japanese Camellia, Camellia japonica, and its weevil, Curculio camelliae, the pericarp thickness and weevil rostrum length have been measured across numerous populations and trait size is best explained by the matching interaction trait, i.e. in populations with long weevil rostrums there are thick pericarps, suggesting that these traits are locally reciprocally coevolving (Fig. 2) . The trait distributions are further moulded by an interaction with climate (Toju and Sota, 2006a, b, c; Toju, 2008) . Similarly, in the interaction between wild parsnip, Pastinaca sativa, and parsnip webworm, Depressaria pastinacella, there is a good match between plant defence and insect counter-defence, so that in populations where wild parsnip produces high levels of defensive toxic compounds, the insects have corresponding high levels of detoxification. However, the matching is not ubiquitous, presumably due to an alternative host plant that is available in some populations (Zangerl and Berenbaum, 2003; Berenbaum and Zangerl, 2006) . The effect of the interaction on fitness can be inferred by comparing the fitness of one partner both in the presence and absence of the other partner. In the studies on the interaction between pollinating floral parasite, Greya politella, and its host plants, it is possible to count the number of developing seeds in capsules and link this with the number of G. politella eggs present (i.e. the Thompson and Fernandez, 2006 Effect of oviposition on seed development Not tested Thrall et al., 2001 Host resistance and pathogen infectivity Not tested Toju, 2008 Pericarp thickness of camellia fruit and rostrum length of weevil Not tested Toju and Sota, 2006a Pericarp thickness of camellia fruit and rostrum length of weevil Yes Toju and Sota, 2006b Pericarp thickness of camellia fruit and rostrum length of weevil Not tested Toju and Sota, 2006c Ratio of rostrum length on overall body size Not tested Zangerl and Berenbaum, 2003 Plant defence and insect detoxification profiles Yes flower has been pollinated by G. politella whose oviposition is always linked with pollination; Fig. 3 ; Thompson and Cunningham, 2002; Thompson and Fernandez, 2006) . In the protection mutualism between wild cotton, Gossypium thurberi, and the local ant community, Rudgers and Strauss (2004) experimentally manipulated both the availability of ants and extrafloral nectar to demonstrate that the mutualism is facultative depending on the abundance of ants and the level of herbivore damage. At the community level, a powerful tool for assessing the effects of the interaction on fitness is the Structural Equation Modelling (SEM) framework that was used to study geographic structure in the interaction between host plant Helleborus foetidus and its floral herbivores and pollinators (Rey et al., 2006) . Mapping the spatial distribution of interaction traits for one or both counterparts can also yield valuable information on how coevolution acts across populations. In the interaction between host plant Linum marginale and its fungal pathogen Melampsora lini, the distribution of host resistance and pathogen virulence has been mapped across several different spatial scales, allowing the comparison of the importance of coevolution and dispersal in generating spatial variation in these traits (Burdon and Thrall, 2000; Thrall et al., 2001; Barrett et al., 2007) . In the flea beetle, the spatial distribution of frequencies of a gene that allows for the beetles to use a resistant genotype of rarely used host plant were mapped and linked with different host plant use in these populations (Nielsen and de Jong, 2005) . Fornoni et al. (2004) detected different patterns of selection on tolerance against herbivory in Datura stramonium, which may alter the strength of reciprocal coevolution between plant resistance and natural enemies. Mapping of geographic variation in genes of Amphicarpaea bracteata affecting mutualism specificity with root-nodule bacteria demonstrated that a mosaic pattern of differentiation exists (Parker, 1999) .
Spatial scale
The spatial scales over which the 29 studies were carried out ranged from several metres to intercontinental distances ( Table 1 ). The relevant spatial scale will depend on the properties of the interacting species, namely the scales at which gene flow takes place, as well as on the spatial scales over which the environment, biotic or abiotic, diverges. For passively dispersed species (typically pollen and seeds of many plant species, spores of fungal pathogens), distance may serve as a good estimation of the level of gene flow (possibly biased due to prevailing wind direction). However, for actively dispersing species, their migration patterns may be more complex. It is important to understand the scales at which dispersal takes place because high levels of gene flow may act to prevent local coevolutionary dynamics altogether, as effects of local selection may be swamped by arriving genotypes adapted to conditions elsewhere Thrall and Burdon, 2002) . However, recent studies have demonstrated that moderate levels of migration replenish genetic variability providing new material for local selection to act upon (Gandon et al., 1996; Gandon and Michalakis, 2002; Morgan et al., 2005) . For some systems, distance will serve as a good estimation of how habitat diverges while for others there will be little correlation between distance separating study populations and differentiation (biotic or abiotic) between habitats. Hence, providing clear guidelines for distances that studies should cover is impossible and the study design should always account for the specific properties of the study system.
Although all studies reviewed here included two or more interacting populations, it is not possible to make any general inferences about the minimum scales at which we can expect to detect divergence in coevolutionary selection trajectories (which is not surprising as discussed above). While most studies covered a range of distances, post hoc comparisons have not been carried out to identify which populations were those that diverged. Hence, the largest spatial scales at which the studies were carried out serve as conservative estimates of the spatial scale where coevolutionary selection trajectories may diverge. The average longest distance separating the study populations of a given system is 868 kilometres and the median is 248 kilometres (as calculated from Table 1, discarding Berenbaum and Zangerl, 2006, which was a statistical outlier). Based on this highly conservative estimate, it is possible to conclude that coevolutionary selection may often diverge, generating variation in the interaction traits over several hundreds of kilometres. Tentatively, it seems that divergence may be generated even over some tens of kilometres as the average and median minimum distances separating the study populations were 13 and 35 kilometres, respectively (as calculated from Table 1 discarding Berenbaum and Zangerl, 2006) .
A gradient along an altitude may generate variation in habitats even over relatively short distances as habitat quality varies and elevation gradient may affect patterns of gene flow. In the interaction between the Japanese camellia (C. japonica) and its obligate seed predator, the camellia weevil (C. camelliae), Japanese camellia pericarp thickness and weevil rostrum length varied remarkably within several kilometres along an altitudinal gradient ( Fig. 2; Toju, 2008) . The local community of pollinators varied over several hundreds of kilometres in 12 populations in the northern US Rocky Mountains to the extent that the interaction outcome between pollinating parasitic moth G. politella and its host plant L. parviflorum ranged from sites with no/weak coevolutionary selection to sites where the interaction was either highly mutualistic or highly antagonistic ( Fig. 3 ; Thompson and Cunningham, 2002) . Interestingly though, no simple geographical pattern could alone explain the occurrence of coldspots and hotspots (Thompson, 2005) . Divergence was also detected in the interaction between pollinating long-tongued fly (Prosoeca ganglbaeri) and its primary floral host plant (Zaluzianskya microsiphon) over an elevation gradient which was thought to generate variation in ecological conditions in the local species composition as well as in abiotc conditions, which at high elevations may restrict fly evolution (Anderson and Johnson, 2008) .
Seven studies report geographical variation in coevolutionary trajectories below spatial scales of 50 kilometres. Three of these are on the interaction between powdery mildew fungal pathogen P. plantaginis and its host plant Plantago lanceolata (Laine, 2005 (Laine, , 2006 (Laine, , 2008 . Interestingly, two other studies are also from host plant-fungal pathogen interactions. Coevolutionary trajectories were found to diverge below spatial scales of 50 kilometres for another powdery mildew fungus, Microsphaera alphitoides infecting oak (Quercus robur) (Roslin et al., 2007) , and rust fungus M. lini infecting wild flax L. marginale (Thrall et al., 2001) . This is somewhat surprising as spores of both powdery mildews and rusts are dispersed by wind and are generally considered capable of long-distance dispersal (Brown and Hovmoller, 2002) . Despite the potential to travel long distances, for P. plantaginis, it was shown that the vast majority of spores fall within one metre of their source of deposition, and that dispersal over 1-2 kilometres is rare Fig. 3 . Geographic variation in the outcome in the interaction between moth G. politella and host plant L. parviflorum. On the left, a female moth ovipositing into the flower of L. parviflorum. Greya moths hold pollen in a ring on an elongated membrane at the base of the abdomen, which is extended along with the ovipositor during oviposition. Pollination always comes at a cost as the developing larvae eat a fraction of the developing seeds. Figure reproduced from Thompson JN. 1994 . The coevolutionary process. Chicago: The University of Chicago Press. ª University of Chicago Press. Because of this unique adaptation to pollination, the outcome of the interaction varies from mutualistic to antagonistic across the 12 study sites in western North America, depending on the local community of co-pollinators as shown in the map on the right. Figure modified from Thompson and Cunningham (2002) and reproduced by kind permission of Wiley-Blackwell. (Laine, 2005; Ovaskainen and Laine, 2006) , promoting local evolutionary dynamics. Furthermore, the sensitivity of foliar pathogens to the surrounding environment (Burdon, 1993; Agrios, 2005) may further act to promote local adaptations, as was shown for P. plantaginis where microclimate coupled with limited dispersal distances generated a selection mosaic within host populations (see above; Laine, 2008) . The two other reports of small-scale differentiation come from host plant-insect herbivore interactions (Fornoni et al., 2004; Toju, 2008) . For the Japanese camellia-camellia weevil interaction, the elevation gradient has contributed to the formation of a fine-scale selection gradient (Toju, 2008) , and, in the interaction between Datura stramonium and its insect herbivores, opposite directions of tolerance and different magnitudes of resistance were detected between populations inhabiting a tropical dry forest at 961 m elevation and a population inhabiting a pine-oak forest at 2050 m elevation and higher annual precipitation (Fornoni et al., 2004) .
What is the E in G3G3E -interactions?
Variation in traits shaped by coevolution may be found if the intensity of reciprocal evolutionary selection varies across landscapes, or if different populations are in different phases of the coevolving dynamics (discussed above). Variation in selection intensities can often be pinned down to variable encounter intensities, as one of the species involved in the interaction may be fewer in number in some populations than in others, or interacting with other species in some of the local populations (Antonovics et al., 2002; Zangerl and Berenbaum, 2003; Nielsen and de Jong, 2005; Laine, 2006; Anderson and Johnson, 2008 ). However, it is possible that, even in populations where encounter intensities are equal, there is an environmental component that interacts with one or both of the interacting species, creating diversity through genotype(-genotype)-environment interactions (Thompson, 1994 (Thompson, , 1999 (Thompson, , 2005 . While in most cases, it is not possible to pinpoint the exact causal agent or convincing research demonstrating this have yet to be carried out, most studies provide plausible explanations for what may constitute the environment that generates variation in the coevolutionary trajectories. Of the 29 studies reviewed here, 11 suggest or demonstrate variation in the local community structure to generate a selection mosaic across the study populations. Eight studies consider variation in the physical environment (namely temperature) to cause geographically divergent coevolutionary selection between the study populations (Table 1) . One study identified different cultivation practices as generating divergence (Goss and Bergelson, 2006) , and the rest do not identify a causal agent of spatially divergent coevolutionary selection (Table 1) .
Local community context: competitors
The local community context can strongly impact how species interact and how traits shaped by this interaction evolve. One of the best examples of this comes from the interaction between the pollinating parasitic moth, G. politella and its Lithophragma parviflorum host plant in north-western North America ( Fig. 3 ; Thompson and Cunningham, 2002; Thompson and Fernandez, 2006) . The moth passively pollinates the plant as it oviposits into the flower through the corolla with pollen that has adhered to the abdomen of the female. The developing larvae eat a small fraction of the developing seeds and, as a result, there is always a cost associated with Greya oviposition. However, in populations where there are few other copollinators, the interaction outcome is shown to be highly mutualistic as Lithophragma depends on Greya for pollination. By contrast, in other populations where co-pollinators are abundant, the interaction is antagonistic to the extent that flowers containing Greya eggs are selectively aborted in some years. In yet other populations the presence of Greya eggs in the flowers does not affect the number of developing seeds. Hence, ecological conditions may render the same interaction highly mutualistic in some populations, commensalistic in yet others, and antagonistic in others over distances of some hundreds of kilometres ( Fig. 3 ; Thompson and Cunningham, 2002) . These geographically different dynamics are shown to be temporally persistent (Thompson and Fernandez, 2006) .
Competitors are identified as causal agents of divergent coevolutionary selection in several other studies as well. Coevolution between crossbills and conifers (a seed predatorhost tree interaction) is altered in some regions by red squirrels (Tamiasciurus hudsonicus) and Abert's squirrels (Sciurus alberti), seed consumers that outcompete crossbills. As a result, reciprocal selection is stronger between conifers and crossbills in areas lacking squirrels (Benkman, 1999; Parchman et al., 2007) . Accounting for interactions at the community level, Rey et al. (2006) demonstrated using structural equation models (SEMs) that interaction between the host plant H. foetidus and its floral herbivores and pollinators differ geographically in the selection pressure exerted by the different species on plant fitness and through interactor-mediated phenotypic selection.
Local community context: predators and parasites
Trophic complexity in the form of predators or parasites may alter the intensity of coevolving interactions. Differences in local densities of birds and parasitic wasp (Mordellistena convicta) created geographic variation in selection on coevolving traits in the interaction between fly Eurosta solidaginis and its parasitic wasp, Eurytomea gigantea, between the prairie and forest biomes (Craig et al., 2007) . A parasitic green alga Cephaleuros that clogs extrafloral nectaries of wild cotton may generate spatial variation in selection in the protection mutualism between the wild cotton and ants that guard wild cotton against herbivores in exchange for the extrafloral (Rudgers and Strauss, 2004) . Further spatial divergence in selection trajectories may be generated by the local ant community that varied significantly among sites (Rudgers and Strauss, 2004) .
Local community context: alternative hosts
Alternative host plants are also shown to be important in generating selection mosaics (Antonovics et al., 2002; Zangerl and Berenbaum, 2003; Nielsen and de Jong, 2005; Anderson and Johnson, 2008) . In the interaction between webworms and wild parsnip, the webworms are capable of exerting selective impact on host plant chemistry. Both in the mid-western United States where parsnip has been introduced, as well as in its indigenous area, Europe, in populations where webworms are rare the parsnip produces lower levels of chemical defence compounds. In Europe, attack rates were lower due to the presence of an alternative host plant. While this host plant was associated with higher levels of webworm parasitism, it was the preferred host over parsnip, most likely because of the lower furanocoumarin content of Heracleum sphondylium (Berenbaum and Zangerl, 2006) . Anderson and Johnson (2008) suggested that variability in the coevolutionary process between pollinating long-tongued fly (P. ganglbaeri) and its primary floral host plant (Z. microsiphon) may be constrained in some populations if there are alternative short tube flowers available as nectar sources for the fly. By contrast, simpler communities, lacking these short-tubed nectar plants may allow escalatory coevolution between fly proboscis and flower depth (Anderson and Johnson, 2008) .
Abiotic environment
Eight of the 29 studies suggest the physical environment as a causal agent of a selection mosaic. Variation in the physical environment may well play into the interactions among coevolving species through G3(G3)3E-interactions that can be measured in reaction norms. Variability in a coevolving interaction could be generated by abiotic factors that constrain how far the coevolutionary process may proceed. For example, in the interaction between pollinating long-tongued fly (P. ganglbaeri) and its primary floral host plant (Z. microsiphon), low temperatures and strong winds may constrain the evolution of fly proboscis at high altitudes (Anderson and Johnson, 2008) .
Temperature
It is well established that temperature is among the strongest and most ubiquitous sources of environmental variation affecting the biochemical, physiological and ecological properties of species (Burdon, 1987; Thomas and Blanford, 2003) . Plant pathogens with a free transmission stage are considered particularly vulnerable to variation in temperature (Burdon, 1987; Truscott and Gilligan, 2003) . In general, temperature has been shown to affect parasite ability to establish or maintain infection, its latency as well as its severity (Burdon, 1987; Fels and Kaltz, 2006; Laine, 2007) . There is increasing experimental evidence showing that the effect of temperature on parasite fitness may be mediated though G3E interactions, suggesting that adaptation to the abiotic and biotic habitat may be strongly linked (Ferguson and Read, 2002; Price et al., 2004; Mitchell et al., 2005; Fels and Kaltz, 2006) . In the interaction between the host plant, P. lanceolata, and its obligate fungal pathogen, P. plantaginis, it was demonstrated that the strength and direction (adaptation versus maladaptation) was mediated by experimental temperature (Laine, 2008) . The differences observed in the experiment were linked to natural temperature regimes of the populations the strains for the experiment were sampled from, and hence, the results demonstrate how tightly coupled the trajectories of host-parasite coevolution may be with adaptation to the abiotic habitat (Laine, 2008) . For the same host-pathogen interactions it was demonstrated that a selection mosaic may be formed even within host populations through an interaction with microclimate (Laine, 2006) . Microclimate coupled with limited dispersal distances generated highly asymmetric encounter rates between host and pathogen even within host populations, generating hotspot areas where selection for resistance was higher than in the coldspot areas where infected individuals were rarely observed (Laine, 2006) . The process was accelerated during a severe drought year when susceptible individuals suffered higher mortality and seedling recruitment was unsuccessful (Laine, 2004) . Variation in climatic conditions is also suggested to generate geographical variation in the interaction between wild flax (L. marginale) and its rust fungus (M. lini), where the pathogen lineage adapted to cooler and wet climate lacks the sexual stage of the life cycle but has higher virulence compared to a lineage adapted to hot and dry environments where the pathogen goes regularly through a sexual stage. This variation is linked with host life-history as in the hot, dry areas hosts go through regular seasonal declines with significant levels of outcrossing, while in the cool areas host tissue is available year-round and the hosts are predominantly selfing (Burdon et al., 1999; Barrett et al., 2007) .
Interactions aside from those between hosts and their pathogens show sensitivity to temperature. In the interaction between the Japanese camellia (C. japonica) and its obligate seed predator, the camellia weevil (C. camelliae), there is compelling evidence of ongoing coevolution where the camellia defensive armament is locally matched by the weevil offensive armament, rostrum length ( Fig. 2 ; Toju and Sota, 2006a, b, c; Toju, 2008) . Pericarp thickness and weevil rostrum length vary remarkably even over some kilometres, and while armament size of the sympatric counterpart best explained this variation, pericarp thickness significantly decreased in cool temperatures, suggesting how climate may contribute to the spatial structuring of the interactions (Toju and Sota, 2006c; Toju, 2008) . Metapopulation dynamics are further suggested to shape the geographic structure of the interaction (Toju and Sota, 2006c; Toju, 2008) . In the interaction between pollinating long-tongued fly (P. ganglbaeri) and its primary floral host plant (Z. microsiphon), low temperatures and strong winds may constrain the evolution of fly proboscis at high altitudes, generating geographical variation in the coevolving traits of this interaction (Anderson and Johnson, 2008) . Fornoni et al. (2004) suggest that environmentally dependent costs of plant defensive strategies may have generated differences among populations in the defensive traits of host D. stramonium against a range of herbivores.
Conclusions
The results of this review support one of the key hypotheses of the Geographic Mosaic Theory of Coevolution-divergent natural coevolutionary selection produces genetic differentiation among populations. Indeed, divergent natural coevolutionary selection may be an overwhelmingly important mechanism generating diversity in nature given how different types of interactions show divergence, and how variable the putative causes generating such divergence are. One of the most striking results of this review is the spatial scale over which we may find divergent coevolutionary trajectories. We need not compare species interactions across continents to detect variation, comparisons of populations separated by some hundreds of kilometres are typically found to follow their own unique coevolutionary paths resulting in spatial variation of the coevolving traits. At one extreme we may even find divergent selection within a single host population at the scale of some metres where selective mortality caused by microclimatic differences results in divergent evolutionary selection imposed by an obligate parasite on its host (Laine, 2006) . While this may represent an extreme case of fine-scale coevolutionary divergence, the example does highlight the potential for the environment to create geographically variable selection trajectories.
The methodological implication of these results is that it is of the utmost importance to study coevolving interactions across several populations. Studying reciprocal evolutionary dynamics of two species simultaneously is demanding in itself, doing so over geographical distance is quite another. The scale at which the studies are carried out will depend on systemspecific properties. What the relevant distances are at which we may expect to find divergence will depend on the gene flow of the interacting species, and what the distances are over which the habitat properties diverge to the extent that it may affect the reciprocal selection trajectories. As genomic tools, such as cDNA microarrays, are becoming readily available for ecological studies and non-model organisms, we should expect to see an increase in their use in the future. They may, at least partially, solve some of the difficulties of studying multiple populations across large spatial scales (over time). Gomulkiewicz et al. (2007) provide a framework for testing the Geographic Mosaic Theory of Coevolution that is useful for even complex or little-known study systems. The stepwise 'triage' begins by identifying candidate traits that may be under reciprocal selection as well as potential hotspots. Second, researchers should gather data that could be used to test for reciprocal selection between coevolving partners. Third, researchers could either measure the spatial genetic structures of the interacting species or look for cold spots and selection mosaics. Finally, researchers should determine whether trait remixing and selection are effective at comparable spatial scales. If conditions for a selection mosaic are not filled at any of these steps, the Geographic Mosaic Theory of Coevolution should be rejected for that study system (Gomulkiewicz et al., 2007) .
The G3(G3)3E interactions reviewed here highlight how sensitive biological processes may be to human caused environmental change such as climate change, habitat fragmentation, and the introduction of invasive species into native ecosystems. In order to guarantee biodiversity persistence there is a need to adopt a habitat approach at the metapopulation level in our conservation efforts. Ongoing coevolution among species also permeates many applied fields such as agriculture and forestry. Breeding for disease resistance in crops and guaranteeing ecosystem services such as pollination are just some examples of processes that depend on coevolutionary selection that may diverge across landscapes.
